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(57) Abstract 

The invention relates to an apparatus for performing Plasma Chemi- 
cal Vapor Deposition (PCVD). whereby one or more layers of silica can be 
deposited on an elongated vitreous substrate, the apparatus comprising an 
elongated microwave guide which emerges Into a resonant cavity which is 
substantially cylindrically symmetric about a cylindrical axis, along which 
axis the substrate can be positioned, in which apparatus: the cavity is 
substantially annular in form, with an inner cylindrical wall and an outer 
cylindrical wall; the inner cylindrical wall comprises a slit which extends 
in a full circle around the cylindrical axis; the guide has a longitudinal axis 
which is substantially perpendicular to the cylindrical axis and which does 
not intercept the slit. TTie invention also relates to a method of manufac- 
turing an optical fiber, a preform rod and a jacket tube using said apparatus 
as well as to the thus obtained optical fiber. 
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Title 

PCVD apparatus and a method of manufacturing an optical fiber, a preform 
rod and a jacket tube as well as the optical fiber manufactured therewith. 

5 

The invention relates to an apparatus for performing 
Plasma Chemical Vapor Deposition (PCVD), whereby one or more layers of 
silica can be deposited on an elongated vitreous substrate, the apparatus 
comprising an elongated microwave guide which emerges into a resonant 

JO cavity which is substantially cyl indrically symmetric about a cylindrical 
axis, along which axis the substrate can be positioned. 

The term "silica" should here be interpreted as 
referring to any substance of the form SiO^, whether stoichiometric or not, 
and whether crystalline or amorphous, 

15 Such an apparatus is well known in the art of optical 

fiber manufacture, for example, and can be used in that context to 
manufacture a so-called preform rod from which an optical fiber can be 
drawn. In one known method of manufacturing such a preform rod, a straight 
vitreous substrate tube (comprised of quartz, for example) is coated on 

20 its inside cylindrical surface with layers of doped silica (e.g. germanium- 
doped silica). This can be achieved by positioning the substrate tube along 
the cylindrical axis of the resonant cavity, and flushing the inside of 
the tube with a gaseous mixture comprising O2, SiCl^ and GeClj (for 
example); a localized plasma is concurrently generated within the cavity, 

25 causing the reaction of Si, 0 and Ge so as to produce direct deposition 
of Ge-doped SiO^ on the inside surface of the substrate tube. Since such 
deposition only occurs in the vicinity of the localized plasma, the 
resonant cavity (and thus the plasma) must be swept along the cylindrical 
axis of the tube in order to uniformly coat its whole length. When coating 

30 is completed, the tube is thermally collapsed into a rod having a Ge-doped 
silica core portion and a surrounding undoped silica cladding portion. 
Typically, such a rod is of the order of about 1 m long and 2 cm wide. 
If an extremity of the rod is heated so that it becomes molten, a thin 
glass fiber (typically of the order of about 125 fxm wide) can be drawn 

35 from the rod and wound on a reel; this fiber then has a core and cladding 
portion corresponding to those of the rod. Because the Ge-doped core has 
a higher refractive index than the undoped cladding, the fiber can act 
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as a v/aveguide, e.g. for use in propagating optical telecommunications 
signals. It should be noted that the gaseous mixture flushed through the 
substrate tube may also contain other components; e.g. the addition of 
CpFg causes a reduction in the refractive index of the doped silica. It 
5 should also be noted that the preform rod may be placed in a so-called 
jacket tube {comprised of undoped silica) prior to the drawing procedure, 
so as to increase the quantity of undoped silica relative to doped silica 
in the final fiber. 

The use of such a fiber for telecommunications purposes 

10 requires the fiber to be substantially free of flaws (e.g. discrepancies 
in dopant concentration, unwanted cross-section ellipticity, etc.) since, 
v/hen considered over great lengths of the fiber, such flaws can cause 
serious attenuation of the carried signal. As a rseult, it is important 
that the PCVD process be highly uniform, since the quality of the deposited 

15 PCVD layers will ultimately determine the quality of the fiber; 
accordingly, it is important that the plasma generated in the resonant 
cavity be highly rotationally symmetric (about the cavity's cylindrical 
axis). On the other hand, the economy of the production process would be 
greatly improved if the preform rod could be made thicker, since greater 

20 lengths of fiber could then be obtained from a single rod. However, these 
two goals are difficult to unify, since increasing the diameter of the 
resonant cavity so as to allow use of a thicker substrate tube generally 
leads to a plasma with deteriorated rotational symmetry; moreover, such 
a plasma can only be generated at the expense of a much higher microwave 

25 power. 

It is an object of the invention to alleviate this 
dilemma. More specifically, it is an object of the invention to provide 
a PCVD apparatus with which a plasma having improved rotational symmetry 
can be generated. In particular, it is an object of the invention that 
30 such an apparatus should be compatible with relatively wide substrate 
tubes. Moreover, it is an object of the invention that the new apparatus 
should have a relatively low microwave power consumption. 

These and other objects are achieved according to the 
invention in an apparatus as specified in the opening paragraph, 
35 characterized in that: 

• the cavity is substantially annular in form, with 
an inner cylindrical wall and an outer cylindrical wall; 
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• the inner cylindrical v\rall comprises a slit which 
extends in a full circle around the cylindrical axis; 

• the guide has a longitudinal axis which is 
substantially perpendicular to the cylindrical axis and which does not 

5 intercept the slit. 

The apparatus according to the invention exploits a 
number of insights, which combine to give exceptional results. First, since 
the cavity is annular instead of just an open-ended cylinder, it is 
essentially closed, which allows a more efficient standing wave generation; 

10 the slit in the inner wall of the annular cavity is then the only means 
by which a plasma can be generated by such standing waves, via a leakage 
field. Second, since the longitudinal axis of the microwave guide does 
not intercept the slit, the microwave energy carried by the guide cannot 
directly enter the plasma, resulting in more controlled and efficient mode 

15 excitation in the cavity. The combination of these factors produces inter 
alia the following advantageous effects when the apparatus according to 
the invention is employed to deposit silica on the inside surface of a 
tube: 

1) the coupling of microwave energy into the plasma 
20 is observed to be less dependent on various "load" factors such as the 

flow rate, composition and pressure of the gaseous mixture which is flushed 
through the tube (and in which the plasma is generated); 

2) the generated plasma appears to be more "intense", 
in that Si*, 0» and SiO» radicals are generated in greater profusion than 

25 in prior-art apparatus; 

3) for a given microwave power level and "load" (see 
(1)), the number of radicals which reach the internal wall of the tube 
is higher than in prior-art apparatus. 

As a result, a substantially greater silica deposition 
30 rate can be achieved at a given microwave power level. In addition, the 
efficiency with which Ge02 dopant can be incorporated into the deposited 
silica is significantly increased. Combined with the fact that the 
rotational symmetry of the generated plasma is significantly better than 
in the prior art, even for 1 arger-than-normal tube diameters, these aspects 
35 of the invention immediately illustrate the technical and economic 
advantages of the new apparatus. 
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It should be noted that the term "microwave guide" is 
here intended to have a broad scope, and should be interpreted as referring 
to any means for efficiently transferring microwave energy from a 
generation device (e.g. a klystron) to the resonant cavity. More 
5 specifically, the term encompasses means such as an antenna, coaxial guide, 
waveguids, etc. 

A specific embodiment of the apparatus according to 
the invention is characterized In that the longitudinal axis of the guide 
does not bisect the resonant cavity, i.e. the "mouth" of the guide is not 

10 located symmetrically (viz. half way) with respect to the extremities of 
the cavity along its cylindrical axis. As a result of this measure, the 
coupling of microwave energy into the generated plasma is made even less 
dependent on the "load". 

A further embodiment of the apparatus according to the 

15 invention is characterized in that the length of the resonant cavity 
parallel to its cylindrical axis is less than X/2, in which X is the 
vacuum-wavelength of the microwave radiation delivered by the guide. This 
measure makes allowance for the capacitive coupling which the slit creates 
between the resonant cavity and the plasma, and generally helps to promote 

20 resonance at the desired frequency. 

Another embodiment of the apparatus according to the 
invention is characterized in that the width W of the slit and the length 
L of the resonant cavity, both measured in a direction parallel to the 
cylindrical axis, satisfy the relationship: W^L/10. Such a relatively 

25 narrow slit advantageously leads to an increased electric field strenght 
in the generated plasma. 

A particular embodiment of the apparatus according to 
the invention is characterized in that a choke is situated outside 
each open end of the cavity and adjacent thereto. The term "choke" 

30 is elucidated, for example, by A.C. Metaxas and R»J. Meredith in 
Industrial Microwave Heating, Peter Peregrinus Ltd. (London), 1983, ISBN 
0 906048 89 3: see, in particular, pp. 336 and 286-7. Use of chokes (e.g. 
X/4-waveguides) in this manner at the extremities of the resonant cavity 
has a number of advantages, including: 

35 • better confinement (localization) of the generated 

plasma in a direction parallel to the cylindrical axis; 
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• reduced escape of microwave radiation into the 
exterior environment of the cavity, thereby reducing the possible health 
risk to operating personnel. 

A further embodiment of the apparatus according to the 
5 invention is characterized in that, in the region where the guide emerges 
into the resonant cavity, the guide is terminated by a body of material 
which is transparent to the microwaves delivered by the guide. The presence 
of such a terminating body of low-loss, non-ionizable material prevents 
the occurence of sparks between the guide and the cavity walls. Examples 
10 of such a material include boron nitride, polytetrafluoroethane (PTFE), 
various ceramics, and vacuum (maintained in an evacuated glass chamber, 
for example) . 

The invention further relates to a method of 
manufacturing an optical fiber, comprising the successive steps of: 
15 • using PCVD to deposit layers of doped silica on the 

inside surface of a cylindrical vitreous substrate tube; 

• thermally collapsing the substrate tube so as to form 

a preform rod; 

• causing an extremity of the rod to become molten, 
20 and drawing an optical fiber therefrom. 

According to the invention, this method is characterized 
in that the PCVD is performed in an apparatus according to the invention 
(and as claimed in any of the claims 1-6), whereby the substrate tube is 
located along the cylindrical axis and within the inner wall of the 

25 resonant cavity, the tube and cavity being substantially coaxial, and the 
resonant cavity is caused to move back and forth along (at least a portion 
of) the length of the substrate tube. Such use of the PCVD apparatus 
according to the invention allows the preform rod to be manufactured more 
quickly and economically, and also results in a preform rod whose doping 

30 cross section exhibits a greater rotational symmetry; the resulting optical 
fiber thus demonstrates reduced signal attenuation. 

As already discussed above, the preform rod may be 
mounted in a silica jacket tube before the optical fiber is drawn, and 
such an additional step should be interpreted as falling within the scope 

35 of the method set forth in the previous paragraph and claimed in claim 7. 

The invention also relates to a method of manufacturing 
a jacket tube for an optical fiber preform. A jacket tube is a cylindrical 
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tube of (undoped) silica which can be placed over a preform rod in such 
a manner that the rod and tube are coaxial, A common extremity of the rod 
and jacket tube are then fused together, the fiber is drawn from this fused 
end, and the rest of the rod and tube gradually fuse together as the 
drawing process continues. Because it is located outside the undoped 
cladding portion of the preform rod, the jacket tube does not have to be 
of a high optical quality; the use of a jacket tube in this manner is thus 
simply a cheap way of adding extra silica to the outside of the preform 
rod (thus thickening the final preform, and allowing a longer fiber of 
a given diameter to be drawn therefrom). Conventionally, jacket tubes are 
made by employing Outside Vapor Deposition (OVD) to deposit a silica soot 
on a substrate mandrel; this is then followed by a drying, sintering and 
machining procedure, resulting in a tube with a diameter of the order of 
about 4-5 cm and a wall thickness of the order of about 1 cm. This diameter 
is significantly greater than that of a substrate tube (typically of the 
order of about 3 cm). 



manufacturing a jacket tube for an optical fiber preform is characterized 
in that use is made of PCVD to deposit layers of undoped silica on the 
inside surface of a cylindrical vitreous sleeve, the PCVD being performed 
in an apparatus according to the invention (and as claimed in any of the 
claims 1-6), whereby the sleeve is located along the cylindrical axis and 
within the inner wall of the resonant cavity, the sleeve and cavity being 
substantially coaxial, and the resonant cavity is caused to move back and 
forth along (at least a portion of) the length of the sleeve. The finished 
product (sleeve + deposited silica) represents the required jacket tube. 



tube in this way represents a significant departure from the norm. Because 
a jacket tube is necessarily relatively wide, the employed vitreous sleeve 
(which acts as a substrate) must also have a relatively large diameter, 
and the resonant cavity must accordingly be wide enough to surround it. 
However, this also results in a wide plasma, with the attendant risk of 
poor rotational symmetry in its outer reaches. Nevertheless, as has already 
been explained, the PCVD apparatus according to the invention achieves 
improved rotational symmetry in the generated plasma, even at increased 
diameters. In addition, the apparatus according to the invention achieves 
more efficient and rapid deposition of silica at relatively low microwave 



According to the invention, an alternative method of 



Use of the invention in the manufacture of a jacket 
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pov/ers, so that deposition of large quantities of silica on the inside 
of the sleeve (so as to achieve the required jacket tube thickness) can 
occur economically. Moreover, unlike the prior art, the method according 
to the invention is a one-step process which does not require a drying, 
5 sintering or machining procedure. 

It should be explicitly noted that, where reference 
is made to motion of the resonant cavity along the length of the substrate 
tube or vitreous sleeve, it is the intention to refer to relative motion, 
i.e. in practice, either the cavity or the substrate may be moved, as long 
10 as there is relative motion of the two (along their mutual cylindrical 
axis). 

The invention and its attendant advantages will be 
further elucidated using an exemplary embodiment and the accompanying 
schematic drawing, whereby the Figure renders a cross-sectional view of 

15 part of a PCVD apparatus according to the invention. 
Exemplary Embodiment 

The Figure renders a cross-sectional view of part of 
a PCVD apparatus 1 according to the invention. The apparatus 1 comprises 
an elongated microwave guide 3 connecting a klystron (not depicted) to 

20 a resonant cavity 5 which is cylindrically symmetric about a cylindrical 
axis 7. The cavity 5 is substantially annular in form, with an inner 
cylindrical wall 9 and an outer cylindrical wall 11. The inner cylindrical 
wall 9 comprises a slit 13 which extends in a full circle around the 
cylindrical axis 7 (in a plane perpendicular to the plane of the Figure). 

25 The guide 3 has a (central) longitudinal axis 15 which is substantially 
perpendicular to the cylindrical axis 7. The longitudinal axis 15 and slit 
13 are offset with respect to one another in such a way that the axis 15 
does not intercept the slit 13. 

The cavity 5 has a length L parallel to the cylindrical 

30 axis 7, whereas the width of the slit 13 (measured in the same direction) 
is W. As here depicted, the longitudinal axis 15 of the guide 3 is offset 
to one side so that it does not bisect the cavity 5, i.e. the distance 
between the axis 15 and either extremity 19, 21 of the cavity 5 — measured 
parallel to the axis 7 — is not L/2. 

35 As here depicted, the guide 3 is terminated by a 

microwave-transparant body 17 in the region where the guide 3 emerges into 
the cavity 5; this body 17 may, for example, take the form of a TEFLON 



<:irV<WO 993S304A1 I > 



wo 99/35304 



PCT/EP98/07798 



"plug". In further preferential embodiments, L < X/2 (1n which X is the 
vacuum-wavelength of the microwave radiation delivered to the cavity 5 
by the guide 3) and W^L/10. 

In an advantageous embodiment of the apparatus 1, a 
choke (not depicted) is positioned near each extremity 19, 21 of the cavity 
5, Each such choke may take the form of an annular X/4-waveguide which 
is centered on the cylindrical axis 7 and is positioned so as to be in 
close proximity to (e.g. within a fe\/ millimeters of) the relevant 
extremity 19, 21. 

An open-ended cyl indrical hollow 4 of diameter D exists 
within the inner wall 9 of the cavity 5, and extends along the cylindrical 
axis 7. A substrate tube (not depicted) can be positioned within, and slid 
along, this hollow 4, 

In use, a gaseous mixture can be flushed along the 
honow 4 and the apparatus 1 can be used to generate a plasma (not 
depicted) within a portion of the hollow 4, as further elucidated above 
in the Description of the Invention. 



wo 99/35304 




PCT/EP98/07798 



Claims 



1. 



An apparatus for performing Plasma Chemical Vapor 



Deposition, whereby one or more layers of silica can be deposited on an 
» elongated vitreous substrate, the apparatus comprising an elongated 
\ microwave guide which emerges into a resonant cavity which is substantially 
! cyl indrical ly symmetric about a cylindrical axis, along which axis the 
I substrate can be positioned, characterized in that: 

! • the cavity is substantially annular in form, with' 

ian inner cylindrical wall and an outer cylindrical wall; 
j • the inner cylindrical wall comprises a slit which 

jextends in a full circle around the cylindrical axis; 

• the guide has a longitudinal axis which is 
^substantially perpendicular to the cylindrical axis and which does not 
Mntercept the slit. 

j2. An apparatus according to claim 1, characterized in 

jthat the longitudinal axis does not bisect the resonant cavity, 
is. An apparatus according to claim 1 or 2, characterized 

iin that the length of the resonant cavity parallel to its cylindrical axis 
jis less than X/2, in which X is the vacuum-wavelength of the microwave 
iradiation delivered by the guide. 

14. An apparatus according to any of the claims 1-3, 
icharacterized in that the width W of the slit and the length L of the 
iresonant cavity, both measured in a direction parallel to the cylindrical 
|axis, satisfy the relationship: W^^L/IO. 

15. An apparatus according to any of the claims 1-4, 
Characterized in that a choke is situated outside each open end of the 
cavity and adjacent thereto. 

6. An apparatus according to any of the claims 1-5, 
characterized in that, in the region where the guide emerges into the 
resonant cavity, the guide is terminated by a body of material which is 
transpa.rant to the microwaves delivered by the guide. 

7. A method of manufacturing an optical fiber, comprising 
the successive steps of: 

• using Plasma Chemical Vapor Deposition to deposit 
layers of doped silica on the inside surface of a cylindrical vitreous 
substrate tube; 




WO99/35304 PCT/EP98/07798 

10 

• thermally collapsing the substrate tube so as to form 

a preform rod; 

• causing an extremity of the rod to become molten, 
and drawing an optical fiber therefrom, 

characterized in that the Plasma Chemical Vapor 
Deposition is performed in an apparatus as claimed in any of the claims 
1-6, whereby the substrate tube is located along the cylindrical axis and 
within the inner wall of the resonant cavity, the tube and cavity being 
substantially coaxial, and the resonant cavity is caused to move back and 
•10 forth along the length of the substrate tube. 

8. A method of manufacturing an optical fiber preform rod, 
comprising the successive steps of: 

• using Plasma Chemical Vapor Deposition to deposit 
layers of doped silica on the inside surface of a cylindrical vitreous 

15 substrate tube; 

• thermally collapsing the substrate tube so as to form 

a preform rod, 

characterized in that the Plasma Chemical Vapor 
Deposition is performed in an apparatus as claimed in any of the claims 
20 1-6, whereby the substrate tube is located along the cylindrical axis and 
within the inner wall of the resonant cavity, the tube and cavity being 
substantially coaxial, and the resonant cavity is caused to move back and 
forth along the length of the substrate tube. 

9. A method of manufacturing a jacket tube for an optical 
25 fiber preform, characterized in that use is made of Plasma Chemical Vapor 

Deposition to deposit layers of undoped silica on the inside surface of 
a cylindrical vitreous sleeve, the Plasma Chemical Vapor Deposition being 
performed in an apparatus as claimed in any of the claims 1-6, whereby 
the sleeve is located along the cylindrical axis and within the inner wall 
30 of the resonant cavity, the sleeve and cavity being substantially coaxial, 
and the resonant cavity is caused to move back and forth along the length 
of the sleeve. 
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